Naval  Research  Laboratory 

Washington,  DC  20375-5000 


NRL  Memorandum  Report  5943 


The  Study  of  Shock  Launching  in  Silicon 
by  Pulsed  X-Ray  Diffraction 

J.  S.  Wark 

Laboratory  for  Laser  Energetics 
University  of  Rochester,  NY  14623 

R.  R.  Whitlock 

Condensed  Matter  Physics  Branch 
Condensed  Matter  and  Radiation  Sciences  Division 

A.  Hauer 

Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 

J.  E.  Swain  and  P.  j.  Solone 

Lawrence  Livermore  National  Laboratory 

Livermore,  CA  94550  Cr 

. 

March  24,  1987 


19970620  015 


Approved  for  public  release;  distribution  unlimited. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


la.  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 


2a,  SECURITY  CLASSIFICATION  AUTHORITY 


REPORT  DOCUMENTATION  PAGE 


1b.  RESTRICTIVE  MARKINGS 


2b.  DECLASSIFICATION /DOWNGRADING  SCHEDULE 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 

NRL  Memorandum  Report  5943 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

Naval  Research  Laboratory 


6c  ADDRESS  {City,  State,  and  ZIP  Code) 

Washington,  DC  20375-5000 


3  .  DISTRIBUTION /AVAILABILITY  OF  REPORT 

Approved  for  public  release;  distribution 

unlimited. 


5.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6b.  OFFICE  SYMBOL  7a.  NAME  OF  MONITORING  ORGANIZATION 
(If  applicable) 


Code  4680 


7b.  ADDRESS  {C/ty,  State,  and  ZIP  Code) 


8a.  NAME  OF  FUNDING /SPONSORING  8b.  OFFICE  SYMBOL  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

ORGANIZATION  Strategic  Defense  Of  applicable) 

Initiative  Organization 


8c  ADDRESS  (City,  State,  and  ZIP  Code)  I  10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 

PROJECT 

TASK 

WORK  UNIT 

Washington,  DC  20005 

ELEMENT  NO. 

NO. 

NO. 

ACCESSION  NO. 

63220C 

1 1 .  TITLE  (Include  Security  Classification) 

The  Study  of  Shock  Launching  in  Silicon  By  Pulsed  X-Ray  Diffraction 


12.  PERSONAL  AUTHOR(S) 

Wark,  J.S.*,  Whitlock,  R.R.,  Hauer+,  A.,  Swain**,  J.E.,  and  Solone**,  P.J. 


13a.  TYPE  OF  REPORT 


16.  SUPPLEMENTARY  NOTATION 


13b.  TIME  COVERED 
FROM _  TO 


14.  DATE  OF  REPORT  {Year,  Month,  Day)  |l5.  PAGE  COUNT 

1987  March  24  12 


COS  ATI  CODES 


SUB-GROUP 


(See  page  ii) 


18.  SUBJECT  TERMS  {Continue  on  reverse  if  necessary  and  identify  by  block  number) 

(See  page  ii) 


19.  ABSTRACT  {Continue  on  reverse  if  necessary  and  identify  by  block  number) 

Multikilobar  shocks  were  launched  into  a  single  crystal  of  (111)  silicon  overcoated  with  1000  A  alumi¬ 
num  and  a  25  pxn  transparent  plastic  layer  by  irradiation  with  a  1  nsec  pulse  of  1.06  pm  laser  light  at  0.8-8  J 
cm~^.  Peak  lattice  compressions  (densities)  were  directly  measured  and  shocked  lattice  stresses  inferred  as  a 
function  of  irradiance  and  time  by  Bragg  diffracting  a  short  ( <  100  psec)  burst  of  probing  x-rays  through  the 
shock  launching  region.  Compressions  of  up  to  -A%  were  measured,  corresponding  to  stresses  of  order  70 
Kbar,  at  irradiances  of  —4  x  10^  IF  cm~^. 


20.  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT 

□  unclassified/unlimited  EH  SAME  AS  RPT.  □  DTIC  USERS 

21.  ABSTRACT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 

22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Robert  R.  Whitlock 

22b.  TELEPHONE  f/nc/ucfe  Area  Code) 
(202)  767-2154 

22c.  OFFICE  SYMBOL 

Code  4681 

DD  FORM  1473, 84  MAR 


83  APR  edition  may  be  used  until  exhausted. 
All  other  editions  are  obsolete. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


16.  Supplementary  Notation 


*Laboratory  for  Laser  Energetics.  University  of  Rochester,  NY  14623 
+Los  Alamos  National  Laboratory,  Los  Alamos,  NM  87545 
*Lawrence  Livermore  National  Laboratory,  Livermore,  CA  94550 


18.  SUBJECT  TERMS 


Shock  Laser 

Silicon  Bragg 

Hugoniot  elastic  limit 

Shock  launching 

Kilobar  Shock  driver 

X-ray  diffraction  Strain 


THE  STUDY  OF  SHOCK  LAUNCHING  IN  SILICON 
BY  PULSED  X-RAY  DIFFRACTION 

The  laser  generation  of  shocks  encompasses  a  wide  range  of  physical  processes  and  effects, 
since  virtually  every  property  of  condensed  matter  can  be  altered  with  pressure.  For  the  more  con¬ 
ventional  shock  drivers,  the  shock  launching  region,  i.e.  the  initial  layer  of  compressed  material,  is 
obscured  by  the  driving  mechanism.  Whilst  laser  driven  shocks  do  not  present  this  limitation,  so  far 
direct  measurements  of  the  lattice  spacing  of  the  impact  surface  have  been  intractable.  Such  measure¬ 
ments  are  of  import  because  many  physical  phenomena  not  in  agreement  with  classical  dislocation 
theory,  such  as  elastic-plastic  interactions,  originate  at  this  surface. 

In  this  letter  we  report  results  of  an  experiment  in  which,  for  the  first  time,  we  have  probed  the 
initial  few  (4-5)  microns  of  the  shock  launching  region  in  a  crystal  lattice  with  pulsed  x-rays,  and 
directly  observed  the  spatial  and  temporal  evolution  of  lattice  compression  and  subsequent  relaxation 
in  one  dimension  by  Bragg  x-ray  diffractometry.  We  observe  the  existence  of  a  range  of  compres¬ 
sions  (lattice  spacings)  in  the  launch  phase,  and  have  also  examined  the  experimentally  determined 
peak  compression  as  a  function  of  laser  irradiance. 

The  use  of  x-rays  to  measure  the  compression  of  shocked  materials  was  first  performed  by  John¬ 
son  and  co-workers  in  the  early  1970’s.'^  They  shocked  LiF  to  several  hundred  kilobars  using  con¬ 
ventional  explosive  techniques,^’^  and  diffracted  a  40-50  nsec  pulse  of  x-rays^  off  the  shocked 
material.  However,  to  our  knowledge,  the  work  presented  here  is  the  first  of  a  similar  nature  to  be 
presented  since  then,  with  a  five  hundred-fold  improvement  in  temporal  resolution,  and  it  is  the  first 
time  that  either  the  spatial  or  temporal  development  of  the  compression  within  the  launch  region  has 
been  studied  directiy. 

The  experiment  was  performed  on  the  JANUS  research  laser  system  at  the  Lawrence  Livermore 
National  Laboratory,  California.  The  experimental  setup  is  shown  in  schematic  form  in  Fig.  1.  The 
shocked  targets  consisted  of  250  /tm  thick  (111)  silicon  wafers  5  cm  in  diameter,  the  surface  of  which 
had  been  coated  first  with  KXX)  A  aluminum  and  then  with  25  /tra  plastic  (CH).  The  motivation  for 
such  a  target  design  is  explained  below.  Half  of  the  target  was  irradiated  in  a  vacuum  by  a  1  ±0.05 
nsec  pulse  of  1.06  iim  laser  light  at  an  irradiance  varying  from  0.8  to  8  J  cm“^  with  a  beam  diameter 
on  target  of  3.9  cm.  A  beam  block  prevented  irradiation  of  the  other  half  of  the  target;  diffraction 
from  this  unshocked  region  gave  us  a  reference  point  from  which  to  measure  the  changes  in  Bragg 
angle.  After  the  shock  had  been  launched  in  the  sOicon  crystal,  a  second  laser  beam  containing 
~  10/  of  0.53  fim  light  in  1(K)  psec,  which  was  synchronous  with  known  and  variable  delay  with 
respect  to  the  shock  launching  beam,  was  focused  to  a  —40  iim  diameter  spot  on  a  second,  calcium- 
containing  target.  The  ionized  helium-like  calcium  x-ray  lines  thus  produced^  were  Bragg  diffracted 
off  the  silicon  (111)  planes  and  recorded  on  Kodak  SB5  x-ray  film.  The  reduction  in  x-ray  intensity 
due  to  passage  through  the  25  fiia  plastic  overcoat  is  estimated  to  be  —35%,  with  a  further  —4% 
reduction  due  to  passage  through  the  aluminum.  A  single  laser  shot  provided  recordable  x-ray  levels; 
a  series  of  shots  was  taken  to  obtain  data  at  different  irradiances  and  delay  times. 
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Previous  experiments  at  irradiances  similar  to  those  used  here  have  shown  that  uncoated  silicon 
is  simply  heated  by  the  laser  light  rather  than  shocked,^  due  to  the  several  millimeter  absorption 
length  of  1.06  fim  light  in  silicon  at  room  temperature.  The  aluminum  coating  was  therefore  applied 
to  act  as  an  abrupt  absorber  to  the  incident  radiation.  This  effectively  prevented  the  penetration  of  the 
laser  light  into  the  silicon,  and  instead  produced  an  aluminum  plasma  which  in  turn  generates  a  pres¬ 
sure  pulse  for  driving  the  shock  into  the  material.  Overcoating  the  aluminum  with  plastic  transparent 
to  1.06  fim  light  causes  the  expanding  aluminum  plasma  to  be  inertially  confined  between  silicon  and 
plastic,  which  in  turn  increases  the  strength  of  the  shock  launched  into  the  silicon.  Such  overcoating 
techniques  have  previously  been  used  to  enhance  shock  pressures  in  the  tens  of  kdobar  range. 

A  set  of  typical  diffraction  patterns  is  shown  in  Fig.  2.  The  three  lines  in  the  unshocked  region 
are  the  resonance  line  (3.177  A),  the  intercombination  line  (3.193  A),  and  the  unresolved  j,  k 
dielectronic  satellites  (3.21  A)  of  helium-like  calcium.^  In  the  shocked  region  of  the  crystal,  the  lat¬ 
tice  spacing  d  is  reduced,  increasing  the  diffraction  angle  9  in  accordance  with  a  differentiation  of 
Bragg’s  law: 

Ai2d)t2d  =  -cot0  Ad. 

This  effect  can  clearly  be  seen  in  Fig.  2.  Thus  a  simple  measurement  of  the  maximum  angular  shift 
gives  us  a  direct  measurement  of  the  peak  compression  of  the  (111)  planes,  and  knowledge  of  the  dis¬ 
tribution  of  angular  shifts  yields  information  on  the  distribution  of  (111)  lattice  spacings  within  the 
probed  region. 

The  probe  depth  of  the  x-rays  in  such  highly  strained  crystals  is  determined  by  the  photoelectric 
absorption  coefficient  rather  than  the  extinction  length.  This  is  because  x-rays  incident  at  a  particular 
angle  only  diffract  off  that  particular  region  of  the  crystal  at  which  the  lattice  spacing  is  such  that  the 
Bragg  condition  is  satisfied;  the  rest  of  the  crystal  up  until  that  point  (with  slightly  different  lattice 
spacings)  simply  acts  as  an  x-ray  filter.  A  Beer’s  law  attenuation  factor  of  l/e  for  the  helium-like 
calcium  lines  in  silicon  corresponds  to  an  x-ray  path  length  of  8.5  ^m,  or  a  depth  of  4.3  ^tm  below 
the  surface  at  the  Bragg  angle.  Taking  further  account  of  the  signal  dynamic  range  we  estimate  a 
probe  depth  of  4-5  nm  below  the  surface. 

Diffraction  measurements  such  as  those  shown  in  Fig.  2  were  made  for  a  variety  of  levels  of 
irradiance  and  delay  times.  We  define  the  laser  beam  delay  as  the  interval  between  the  arrival,  at 
chamber  center,  of  the  peak  of  the  long  (shock-producing)  laser  pulse  followed  by  the  peak  of  the 
short  (x-ray  producing)  laser  pulse.  The  x-ray  probe  delay  was  0.09  nsec  greater  than  the  delay 
between  laser  beams,  due  to  the  setup  geometry  and  time  of  flight  considerations.  It  can  be  seen 
from  Fig.  2  that  at  0.0  nsec  delay  we  still  observe  diffraction  at  the  original  Bragg  angle  as  well  as 
diffraction  over  a  range  of  angles,  corresponding  to  a  range  of  lattice  spacings  up  to  a  peak  compres¬ 
sion  of  3.35%.  The  obvious  physical  explanation  for  this  is  that,  at  this  early  time,  the  shock  has  not 
yet  penetrated  past  the  maximum  probe  depth,  and  we  are  probing  the  shock  front  as  well  as  the  as 
yet  unshocked  region.  The  range  of  lattice  spacings  represents  a  spatial  strain  gradient.  For  all  data 
collected  after  this  delay  time,  when  the  shock  has  proceeded  further  into  the  material,  we  no  longer 
observe  diffraction  from  the  unperturbed  crystal. 

In  Fig.  3  we  show  the  peak  change  in  interatomic  spacing  of  the  (111)  planes  as  a  function  of 
time  for  those  shots  where  the  average  energy  density  of  the  shock-producing  laser  pulse  was  4  J 
cm“^  on  target  (i.e.  an  average  irradiance  of  4  x  10^  W  cm“^).  The  accuracy  of  the  laser  timing 
may  include  a  constant  systematic  error  estimated  to  be  no  more  than  ±200  psec;  random  timing 
fluctuations  were  evidently  of  lesser  magnitude.  The  error  bar  on  the  compression  measurement  pri¬ 
marily  results  from  a  consideration  of  observed  effects  of  laser  non-uniformities  on  the  maximum 
Bragg  diffraction  angle.  (These  effects  can  be  seen  in  Fig.  2a  as  a  variation  in  angular  shift  in  the  dif¬ 
fracted  radiation.)  Other  effects,  such  as  intrinsic  x-ray  line  width,  crystal  rocking  curve  breadth,  and 
x-ray  source  broadening,  are  of  considerably  lesser  importance.  A  maximum  change  of  the  lattice 
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spacing  of  3.85%  was  observed  at  this  energy  density,  and  the  data  are  consistent  with  a  pressure 
pulse  FWHM  of  1  nsec.  It  can  be  seen  that  the  rise  time  of  the  shock  compression  is  similar  to  that 
of  the  laser  pulse.  However,  after  peak  compression  has  been  reached,  the  compression  falls  off  with 
a  far  longer  decay  time  than  that  of  the  laser.  Indeed,  even  5  nsec  after  the  peak  of  the  shock- 
producing  pulse,  the  crystal  is  still  compressed  by  —1%.  At  no  time  did  we  observe  the  front- 
surface  density  to  fall  below  that  of  solid.  Such  inhibition  of  the  rarefaction  wave  has  previously 
been  observed  by  other  diagnostic  methods^'  (using  similar  layered  targets),  and  is  due  to  the  tamping 
effect  of  the  plastic. 

The  Hugoniot  elastic  limit  (HEL)  has  been  reported  to  occur  in  (111)  silicon  at  a  compression  of 
2.6%,*^’’^  corresponding  to  a  pressure  of  about  54  Kbar.  Following  the  stress-volume  curve  of  Gust 
and  Royce^^  to  the  observed  3.85%  compression  we  estimate  a  peak  stress  of  67  Kbar  at  an  energy 
density  of  4  7  cm“^.  However,  in  comparing  these  results  to  Hugoniot  measurements,  it  should  be 
borne  in  mind  that  we  are  probing  the  shock  launching  phase,  rather  than  merely  observing  the  arrival 
of  an  already  steepened  shock  front.  Furthermore,  elastic  response  may  extend  above  the  HEL  on  a 
transient  basis. 

Figure  4  shows  the  experimentally  measured  peak  compressions  as  a  function  of  irradiance  for 
various  probe  delay  times.  The  rapid  falloff  in  compression  at  low  irradiances  is  due  to  the  increased 
importance  of  thermal  conduction  into  the  silicon  at  lower  irradiances,^^  as  well  as  an  increase  in  the 
fraction  of  laser  energy  expended  in  the  latent  heat  of  vaporization  of  the  aluminum. 

The  technique  of  pulsed  x-ray  diffraction  from  laser-shocked  materials  opens  up  several  new 
avenues  for  the  study  of  the  transient  response  of  crystal  lattices.  We  have  shown  here  that  it  is  pos¬ 
sible  to  measure  one  vector  component  of  the  strain  on  the  front  surface  of  a  shocked  crystal.  The 
temporal  resolution  afforded  by  this  technique,  coupled  with  its  ability  to  probe  crystal  structure,  may 
allow  us  to  time-resolve  pressure-induced  phase  transitions,  as  well  as  study  possible  transient  elastic- 
plastic  effects  in  crystals  compressed  beyond  the  HEL.''^’^^  Furthermore,  a  detailed  study  of  the  x- 
ray  reflectivity  as  a  function  of  angle  may  yield  compression-depth  information  using  methods  similar 
to  those  developed  for  studying  laser-annealed  crystals. 

In  conclusion  we  have  directly  observed  the  temporal  history  of  lattice  compression  within  the 
front  surface  of  a  laser-shocked  crystal  by  short  pulse  x-ray  diffraction.  We  have  observed  diffraction 
from  material  both  in  front  of  and  behind  the  developing  shock  front  at  early  stages  during  the  laser 
drive  pulse.  We  have  followed  the  lattice  compression  to  values  above  the  HEL,  and  further  observed 
the  onset  of  rarefaction  as  the  pressure  pulse  decayed.  Crystallinity  was  preserved  throughout  this 
process. 

We  acknowledge  the  encouragement  of  R.  W.  Lee  and  J.  D.  Kilkenny  at  Lawrence  Livermore 
National  Laboratory  (LLNL),  and  the  helpful  discussions  with  P.  D.  Goldstone  at  Los  Alamos 
National  Laboratory  (LANL),  D.  J.  Nagel  at  Naval  Research  Laboratory  (NRL),  and  J.  W.  Forbes  at 
Naval  Surface  Weapons  Center  (NSWC).  We  are  grateful  for  the  capable  efforts  of  L.  Foreman  and 
P.  Gobby  and  their  colleagues  at  the  LANL  target  fabrication  facility.  This  work  was  supported  by 
the  Sponsors  of  the  Laser  Fusion  Feasibility  Project  at  the  Laboratory  for  Laser  Energetics,  and  by 
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BEAM  BLOCK 


The  experimental  setup  showing  schematically  the  x-ray  diffraction  from  the  unshocked  (1) 

and  shocked  (2)  crystal 
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IRRADIANCE  (109  W/cm2) 

Fig.  4  —  The  peak  change  in  interatomic  spacing  as  a  function  of  irradiance  for  delay  times  indicated. 

The  HEL  is  at  2.6%  compression. 
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